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Abstract

We ha~s performed angle-integrated and angle-resolved photoemission
metlsurements at 20 K on well-characterized single crystals of high-Tc cupra[cs ( both
I :2;3-Iype and 2:2:1 :2-type ) cleaved in si~u, and find a relatively large, resolution limited
Fermi edge which shows large am Iitude variations with photon ener y, indicative of
bund struc[ure final state effects, d fe Iineshapes of the spctm of the I: :3 materials as a
function of photon :ner y are well reproduced by band structure predictions, indicating a

!coITect mix of 2p und . d orbitals in [he calculations, while the energy positions of the
peaks ugree with culcuh.ued bands only IO within -0,S cV, This may yet rove to reflect

Ythe effects of Coulomb eorreltilion. We nevertheless conclude that a Fermi iquid approach
to conduc[ivi[y is uppropriti:c. Angle-resolved dtitu, while still incom Ictc, suggest

8agreement with the Fcnmi surfux prcdic[cd by the LDA culculwions, A B S-like cncr y
8gup is observed in the 2:2: ]:2 mwcriuls, whose magni[ude is twice the wc:k coupling B .S

vdIJc ( i.e., 2A = 7 KTU ),

1. !n[roduction

II Is widely :l{)<-cplctl111;1!Ihc clcc’lr[mic ~lruc[um [d’ Ihc higlv-l.c stll>crc[}l](jtlclillg

(ll’1.S (’)cuprulcs ~btmsists (It’inl[)urily tlilll(lS i:~{luccd hy the (Iiq)ing ()( Iltdcs into Ihc (’uoz

pl:incs. MIIIIy Ihc(wctic:ll Imxlels I I I NSSUIIICIhiII lhc umlcrlying clcc’[r(miu slructturc is I~tN

suhs[nntitilly ulIcrcfi hy the doping ~) Itml III( clccmmic slruclurc {)f [hc 11.1. S(’sis Silllililr



to the non-superconducting (or insulating) parent cmmpounds. Since band calculations [2-

7], using the local density approximation (LDA), have been singularly unsuccessful in

predicting the magnetic and insulating properties of the parent oxides, it is a natural

extension to assume that such calculations are inapplicable to HTSCS. The geneml

approaches (aside from band structure) that have been taken include the Anderson model

[8,9], some variant of the Hubbard model [ 10- 13] and the resonating -valence bond model

[ 14]. To the best of our understanding the last approach results in charge carriers which

do not strictly obey Fermi-Dirac statistics so that the system is not described as a Fermi

liquid with a well-defined Femli surfiice.

Early photoemission measurements, both angle-integrated [ 15-191 and angle-

resolved [20,2 1] using single crystals, in fact seemed to support the more exotic

approaches. While a very small, well-defined Fermi edge was occasionally observed [ 16]

in La-Sr-Cu-O systems, it was never seen in the 1:2:3 type materials [22], thus reinforcing

the concept of a vanishing]y small density of stitt~s (DOS) at EF and no conventional

Fermi function cutoff of nomm] mettils.

The discovery of the Bi-btised cuprittes with their stitble Fermi cage itt room

temperature chung,ed the above situtition itnd initially actuitlly appeared to be inconsistent

with the I :2:3s and 2: I :4s. We showed 123-261, however, that most eitrly photoemission

di~titon these Iam:r types of compounds, if tiiken tit room tempcriiture, probiibly were not

sitmpling the true bulk electronic structure but r~thcr only a dctcrimated surface oxide (itn

insulitmr with no DOS iit El:) resulting from surf~ct reconstruction. oxygen loss, or both

(the ii~ttiiil mechi~nism is yet 10 bc determined), If, however, it well-chitrticterizcd

superconducting single crystiIl of ii I :2:3 miitcriiil is ~l~iivcd iit low temperatures (’I’<SOK)

to expose ii fresh SUrfilC’C, Sllc’h a surf;wc rccx]nstrucli{~rl (iln(l/ot (}xygcn I{ls$) is

supprcssd :Ind ii spc~’lrum rcprcsvrllillive {)t tlw bulk slll)cworl(lllt’ltlr is {d>t:lim’d, This is

cvitlcrl~”c(l hy Iht’ cxistcn(x* (~1il I;lrgc , \t;ltll’: I;crllli C(lgc ;11)(1 Itl(! :lp[k’ilriln~’c’ ot ii highly

struclurcxi l~t]t)toc)tlissit)ll spct’lrun} [27] wlli~.h, ilS wc Sl)illl we, is m)t il~(-{msislcnl with ~1



band strucwe DOS. Thus a uniformity regarding the Fermi edge is established among the

HTSCS (including the Bi@-based compounds) which now makes them strong candidates

for Fermi liquids, as will become evident in the text. Indeed it is now possible to observe

directly ia photoemission [he large BCS-like gap [28-30] at tempemtums below TC, and

in fact only for those k-values which correspond to the Fermi surface [29,30].

The weight of evidence is building nol only in favor of the Fermi liquid model, but

riuher also towards an electronic structure in large measure describable by a band structure

DOS [27] (at least some form of renorrmdized bands), and a Fermi surface very similar to

predictions. Thus we are apparently not dealing with impurity bands at EF [3 I ], but rtther

with bands descrik.i by a band calculation. II remains yet to be detemtined to what extent

[he bands are renorrnalized as a consequence of the strong Coulomb correlation which is

evidenced in the form of sa(elli[es [ 16,32,33], and whether this correlation plays a

significam role in the su~rconductivi~y.

In [he present manuscript we will review our recent photoemission data which led

us 10 the tibove conclusions. We will moslly confine ourselves to angle- integrmcd duta

since the :lngle-resolved work is still in progress, allhough the lat~er type of data will

evenmully be much more compelling. We huve not studied the pmePI insulating oxides in

dny gre;il de~tiil so IIul: we don’t know how [hey differ from the prcdiclccl metullic

hch;lvior, This lnttcr study is il n~~essiiry step in understilnding these m;i[erials nnd is iII

prtsenl undcrw; Iy.



for the beamline and the double pass CMA analyzer varied from 125 to 200meV. The

chamber pressure was maintained m 5X10-] 1 Torr throughout the tneasurcments. Cooling

to 20K was accomplished via a closed cycle He refriger~tor. The angle-resolved data on

the 2:2:1 :2s reported here was taken with a VSW 50mm hemispherical analyzer, with a

maximum overall resolution (at 2eV pass energy) of 30meV. Chamber pressure was

likewise maintained at 5x 10-11 ‘rorr and sample temperature controlled with a He

refrigerator.

The thin single crystal plates (typical dimensions 1mm x 1mm x 0,05mm) were

mounted with epoxy between two Al rods oriented along the c-axis. Electrical contact was

made with a thin layer of a suspended graphite solution. One of the Al rods was in contact

with the cold finger while prying in-situ on the free Al rod resulted in a sample cleave in

the t -b pkme.

Most of the measurements rcportec! here were done with the sample temperature

maintained iII 20K since, as will become evident, wmming above 50K resulted in a rapid

deterioriition of the 1:2:3 surfiice 123,24]. On the other hand, the sample surface remained

stable for up to 2 diiys if rnain!iiined at 20K. A similar insutbility wh ; not observed for the

2:2: 1:2s,

3. Results and Discussion

3,1 .4-J$~e of Y-],. ;~ In Pig. 1 wc show 3 spectrii from a

Y: 1:2:3 -()(),9 Crystiil cleaved tit 20K ;Ind measured first M 20K, then w 300K, and iigiii[~ itt

20K, A mcilsurcmer~t iit 20K inmmdi[ltcly itft~r u fresh ~lei~ve (201 in P’ig, I ) exhibits o

liirg~, resf~l~iti{}n-limi[cd I%rmi edge, iind iJ S(]bs[iintiiil spc~triil weight in the - leV to -2cV

rilrlg.! II dtws m)l, htw.wvcr. show Ihc muc’h tiiscussmi I34,35 I fCillUll! iit -9CV. If Ilk!

SillllplC is Iltilir)tiilllt’(1 ill X)ti [tic ~p(’ttrur]] 20, L“ilrlk rqmNiucd in(kfinitcly.

\V;lrlllillg I() J(X) K, h[}wcvf:r, irl)lll(’(liill~ly wsulls irl dt’illll;lliC L’hilrlgCS. I{VCfl

hCf”(WC the %’V fCill(rK! dmw][yls Signific’ilfll lrllCrl Shy, the si%’c’lmm I(Ms (J// the irlk!nsily N



EF, followed by a substantial loss of intensity in the -1 to -2eV range, a valence band

maximum shift from -3.5eV to -4.5eV, and additional intensity 10SSnear -6eV. Cmding

the sample back to 20K (spectrum 20f in Fig. 1) shows that the changes are irreversible,

although some apparent recovery is seen near EF. This recovery is not understood at

present but may b related to a phase transition.

It is instructive to follow the behavior of the O- 1s core level as the surface

deteriorates. In Fig. 2 we show three spectra of this core level. Spectrum (a) is for

Bi2Sr2CaCu2@ after a fresh cleave at 20K, spectrum (b) is for Y:1:2:30~.9 (same sample

as in Fig. 1) likewise after u fresh cleave, while spectrum (c) is for the same sample of

Y: I :2:3 but now at 300K. Note that a single 0-1s core level is found at -528eV in both

materials -aftera fresh cleave. As the surface of the 1:2:3 material deteriorates, a second O-

1s peak at -531 eV grows, along with the -9eV peak. Some researchers have assigned

[36,37] the -53 leV peak m the 01- valence state (vs. the 02- for the -528eV peak).

However, we can see that it is not intrinsic to the 0~,~ mmerhd.

The question arises whether the detericmuicm is due to oxygen loss resuhing in an

.lxygen defickn[ Y: I :2:3 surfuue, or 10 a cncmical change 138] resulting in a totidly

different composition at the surface. We can get some insigh[ by studying wcll-

chmctcrizcd oxygen-deficien[ crysIids cle~ved imd meimmd mdcr identicid conditkms iis

the 06,9 .sarnple, The spccwu for severid YFliIZCU~OX mutenids are shown in Fig. 3 at

hv=soev. We cun see thw while the 1)0S UI El: decreuscs monotcmicidiy with x, there is

no indicii[ion of the -WV pd in ii[]y spxtrum, imd dw valence Imd n~ximliin remains tit

-3.5eV for I.Iil X. ‘I”hcre is, howevcro ;~significtint nurrowing of the vulence hand width for

x=6.25, with significant uccompimying intensity losses iI[ - 1.5eV.

We conclude from Fig, 3 th:lt while decreasing the oxy~~en contcn[ dots indmxl

~.iliise SOIIIC~hi!n~es [Immgh(wt lhc vnlcncc him!s, ii specvrum t:~kcn ill r(Mml Icmperilturc

(Ml il dclL*ri[Willl!(l SUrf;lL”C is [[llilll~ llflrClillC(l 1[) [hill of il I :2:3 llliltCriill. PL’rhilpS MM1lC

t)xygctl loss is [Kc’urrillg. I Iowcvcr, il tmm! signilmi(’illll fil~v(w f(w lJV ~>llol(~ct]lissi~}tl



measurements with their small escape d..~...--J!IS is a composition change [38] on the surface

which yields the -9eV feature in the valence bands, as well as the -531 eV peaks in the O-

1s spectrum. Thus attempts to correlate these features with valen~e fluctuations or other

phenomena intrinsic to the 1:2:3 materials, are in error.

UMMce Eti of YJ.2.3. ComDarti tO Band c~
. . . . Having

established the instability of the 1:2:3 surface at elevated temperatures, it is clear that

meaningful data can only be obtained on a freshly-cleaved single crystal surface at Tc50K.

The bulk of the remaining data was taken under such conditions.

In Fig. 4 we display a series of angle integrated spectra from a sample of

YBa@30&~ taken at various photon energies ranging from 14eV to 70eV. We point out

that these spectra are from a sample different from that of Fig. 1. This caution is

necessary since it is evident that at hv=50eV the spectra frGm the two samples are not

identical. The differences are due to residual angle resolved effects stemming from the fact

that we are using single crystals and a CMA analyzer which admits only a limited number

of electron trajectories. Hence we do not have a true angle integrated spectrum. These

phenomena would however tend to affect amplitudes more than peak positions in these

very complex rmteritils so that it does not ulter our conclusions. We wish to call attention

to the following observittions:

(a) At low hv (<20eV) we observe a number of peaks in the secondary electron

spectrum due to van Hove singul:uities in the empty bands [39[, These peaks shift

linearly with pho!on energy to apparent higher binding energies as W increases, as

shown by the arrows for one set of such final state peaks. They are not

representiitive of the filled st;ues except insof’iwas (hey will enhance a violence bitnd

fciitt]r~ whcncvcr direct transitions i]r~ possible into these van }{OVCsingularities

from the filled Stii(es. “I”husmost of the iippitttnt dispersion for hv<20cV is due to

these final sttite cffcuts,



(b) In addition to the peak at EF, we can identify peaks A through F as being part

of the DOS structure.

(c) The Fermi edge amplitude is strongly modulated by the same band structure

effects as in (a), but remains strong for all hv, thus indicating at least a partial d-

wave function character (see below).

When one compares the peaks in the spectra to a calculated [2-7] DOS (Fig. 5) it

is possible to get a one-to-one correspondence between the calculated and experimentally

observed peaks, provided that the calculated Fermi energy is shifted up (to lower binding

energiec) by 0.5eV. We show in Fig. 5 a DOS from Ref. , although most calculated band

structures are similar. Peaks A and B are primarily due !Op-like bands while the bulk of

the Cu-3d density is centered around peaks C and D. The weak peak F is due to the

bottom of the oxygen-p bonding b~nds.

The actual character of peaks A through F can be more easily discerned form the

lineshapes of the spectra as a function of photon energy. Because of the very different

cross sections /40] for p vs. d transitions, the spectral weig}!t changes as hv increases.

Redinger er, al, [411 have calculated the expected photoemission spectra as a function oi

hv based on their DOS. We comptire severiil of the spectra of Fig. 4 to these predicted

spectm in Fig. 6. The solid curves are spectra from Fig.4 with backgrounds subtracted,

while ;he ditshed curves are from Ref. 41 The spectra were aligned on the p-like peak A.

Except for the ().5eV shift we see thtit the spectral shape follows the correct energy

dependence, thus indicating a correct orbital chitracter mix in the DOS. On this gross

scale, Ihen, band ctilculittions correctly capture the essential feature of the experimental

DOS. The maitl disagreement is the 0.5cV shift tind the very large predicted Fermi edge

(li~ge N(EF)) vs. ii much mm m(xkst one observed experimentidly.

A very recent publication 1421 Ilils focused on [t~c problem of Coulomb

correlat ‘1 :in(~ how it should ;ll”fwt the band structure us obtitincd from tin LDA

CiilL’Ulii[ I. Indeed, Ihey find (h:II for ii viill~e l~f (J-4.oeV, the I;ermi energy would shift



by =0.5eV with a corresponding dramatic drop in N(EF), just as observed. This fact,

combined with the obvious satellite structure associated with Cu features, would seem to

support a band structure of least partially renormalized by Coulomb correlation, a situation

somewhat reminiscent of heavy Fermions.

a ~~~~It is quite important to a number of theories [1]

to determine the orbital character of the states at EF. For example, many theories would

prefer primarily O-2p character with oxygen hole happing in the CU02 planes as the

primary conduction mechanism. While resonant photoemission has been the technique of

choice [43] for determining orbital symmetry of photoemission features, a quick glance at

Fig. 7 will show that this tech,~ique has its shortcomings with respect to HTSCS. Here

WC.show spectra from a slightly deteriorated sample of Eu: 1:2:3 at both the 0-2s (left

panel) and Cu-3p (right panel) edges. We do this in order to focus on the -9eV

contamination peak, which is known to be of primarily O-2p character. We see that it has a

maximum amplitud~ at hv=22eV, as does the valence band feature at -2eV below EF,

which we know from above to also be substantially p-like in character. Thus we conclude

that at least for 1:2:3 type materials, the oxygen resonance is at hv=22eV and not at the

often quoted [31 ] 18 eV. The intensity at EF, on the other hand, has minimum at

hv=22eV. The Fano resonance, if any, is obscured by the above-mentioned final state

effects (van Hove singularities in the empty state) due to band structure.

Similur!y at the 3p edge (hv=74cV) one runs into difficulties. Note that them is

almost no intensity modulation in the vulence bwtds, while the - 10eV and -12eV Cu

satellites (arrows) undergo a very strong resonance. The point is that even if there is 3d

chamcter at EF there is no reason to expect its intensity to resonate at hv=74eV since the

entire valence band fails to resonute.

one can still detemnine the orbital character by measuring the intensity at EF as a

function of photon energy, In Fig. 8 wc displ:iy iingle intcgrtitcd spectm of

Bi~Sr2(-.ii Cu20x for i] number of photon energies normalized at the vaivntx- band



maximum. While this is an incorrect normalization procedure one nevertheless sees that

the intensity of the peak near EF (actually at -0.2eV) remains strong to high photon

energies, and shows final state enhancements at 18eV and 50eV.

A more correct normalization takes into account the number of p-and d-electrons

(we ignore all the rest due to weak cross-sections [40] ) and equates the total integrated

intensity of the spectrum at each photon energy to the total integrated intensity expected at

that energy from the atomic calculations of Yeh and Lindau [40]. The resulting intensity at

-0.2eV is then plotted as a function cf bv in Fig. 9. Here the open circles correspond to

values of hv where final state enhancements occur and hence are not included in the

calculations. The solid lines are intensity varhtions expected of the feature were either

entirely d-like or p-like. Clearly the measu, cd intensity follows neither curve. Instead we

try to approximate it by taking linear combinations of the two cross-sections and find a

best fit with =35% Cu-3d and 65% O-2p character. Similar analyses for the 1:2:3 material

yield about a 20-80 mix of Cu and O at EF.

It is difficult to put error bars on these numbers since, as we have seen, the

intensity, especially at EF, is a strong function of the sample surface condition, as well as

sample orientation (recall that our measurements are not truly angle integrated), Suffice it

to say that there are strong contributions from both Cu and O ir, the conduction band.

This, then, also argues in favor of a strongly-hybridized band-like model.



3A A@=DWersive Bands and the Bcs-Like EREWQQ Angle

resolved photoemission may in the end prove to be the most significant measurement wi”~

which to probe the electronic structure of HTSCS, and a substantial amount of angle-

resolved data already exists in literature [31,44,45]. We would caution the reader,

however, to be cognizant of the very serious samp.e-deptmdence encountered. We would

automatically discard, for example, any room temperature data on the 1:2:3 samples even

though a weak Fermi edge may be evident (refer to Fig. 1). Likewise we are wary of data

which features the -9eV satellite. In the case of the 2:2:1:2 materials we would point out

that the Fermi edge in our samples (Fig. 8) is much stronger than in most other published

data [31 ,45], presumably reflecting sample perfection. On top of all this are the very

strong final state modulation effects which greatly increase the parameter space in which to

map out the bands. In other words, the absence of a peak in the spectrum does not

automatically translate into the absence of a band. It may be missing because of a weak

marnx element (i.e., no final state exists for direct transitions at that hv).

Most published angle-resolved data [31 ] were taken at hv= 18eV, because it is

generally believed that a resonant enhancement occurs there. We, however, would not

rule out the possibility that for hv=l 8eV one merely enhances one part of the Brillouin

zone due to final state effects, so that a ftiilure to work at other values of hv precludes a

proper sampling of other parts of the zone. in adchtion, strong polarization effects have

been observed suggesting that one should not rely too heavily on symmetry.

Our own angle resolved work is still in progress, with indications that this w!II be a

iong project, indeed. We are not prepared to make definitive statements at this time.

However, prelimina~ indictitions are th, the Fermi surfaces predicted both for the 1:2:3-

type and the 2:2:1 ‘2-type materials will be borne out experimenttilly. Th( bands

themselves, however, are difficult to follow below =3(M)nleV in Bi2Sr2CaCu20~ so thai

we cannot make definitive statements about bund-widths, We do, however, find less

disagreement in generi.il with calcultited bands than others hove cbscrved.

In this manuscript we will confine ourselves to the more definitive aspects of the



data. In Fig. 10 we show a series of spectra taken on BizSr@Cuz08 at the indicated

angles with respect to the c-axis at hv=22eV. For this set of data, kll is approximately

along the r-M direction. Two sets of data arc shown for each angle setting of the analyzer

(2” acceptance angle); thin lines correspond to spectra obtained at T=90K (i.e., at

T>TC=85), while the thicker lines correspond to data taken at T=20K<<TC. It will be

noticed that for an analyzer setting of @=l 1“ the peak maximum in the spectrum is at

-100 meV, well below EF, and easily resolvable with olr overall instrument resolution of

30meV. In short, the band is still below the Fermi energy and not involved in conduction.

At El= ~l“, however, the band disperses much closer to EF and the 90K spectra are vastly

different from the 20K spectra. This is the effect of the BCS-like gap, A, at EF and the

associtited pile-up of states just below A.

Before discussing the effect of the gap in mm-e detail, let us fuse concentrate on tile

9(IK spectra. for Q= 18“ there is a cle,ar indication of the band crossing EF as evidenced by

the dramatic drop in intensity. Because the ubove datti were not take,l precisely along a

symmetry axis, there is no direct bond calculation for comparison. Nevertheless the

crossing is approximately in the localion where one would expect tl)e M-centered Fem~i

surface. Data presently presently being analyzed cm better oriented samples appear to

indicate neitrly exiwt agreement wi[h ihe predicted Fermi surface [46],

Because of our 2° accep[imce cone of photoemitted electrons, each spectrum in

Fig, 10 is simuttilneously silmpling i~pproxim:uely = 10% of [he r–M momenta (M 0.075

A-I ). Ikwvcvcr, for ~=l!+”, mosi of [ile bund being s:Inlplcd h:ls dispersed iibove EF imd

we ~iin get there a much tnorc iiCCL1r:lt~measure of the shilt-pness ot the Fermi edgr and

how it compims to what one cxpcc[s from iI ~[)ilv~t~[i~niil ll~clill. Using dle usuiil 10% 10

{)()% ()( ])~iik l]~igtlt 10 dc:cnninc IIIC width [Jf lhc lkrtni edge, We Ohlilin :1 V[lltlc t)f

-J45nwV. [Jsing [hc S;IIIICcri[crii~ for IIICl~crmi filnc.[i(m Imxdc[:illg, [hc I:cm]i c(igc ill

‘I”=90K is CXpCCIC(l [() I)c I) I{);I(IuIIc(I hy -3.7111cV (I)OI~J [I]il[ k’1’1m81)l~Vill Ibis lclll~)~ril~~lrc)

while illstrumcn[ lMl:il(lCllillg is -N)lI]CV, ‘I”hc rl]ls v:lli~c of Ihcsc two bl’Oil(lCl)illgS is



.

46meV which is almost exactly our obswed value. Thus we have an electronic structure

which oh VSFermi-Dirac statistic%in short, a Fermi liquid!

Returning to the 20K speurt we note the pile-up of states which results in the

sharp peaks (FWHM=30meV, or, the instrument resolution) just below [he gap, A. To

dctem~ine A we modeled [30] the e= 18“ spectrum with a Lorentzian and a linear term

(bccau~e of the finite angular acceptance of the analyzer this was again deemed the least

complicated spectrum). The width of the 90K Lorentzian was determined empirically (

presumably a function of lifetime broadening and dispersion of initial and final state

bands). This was then convolved with a 90K Fermi function and instrument broadening

to obtain a best fit. Finally the “best fit” Imentzian was convolved with a f3CS density of

states function [471 and a 20K Fermi function. In this way a best fit to the data at 20K

was obtained for 2A=7kTC, This is similar to values previously reported 128,29],

although our data are much mom fra of complications rcsulting from angle integration. A

cursory measurement of the amplitude of the BCS density of states (i, c., a simple sading

of excess peak height vs. tempmmre) inclicuies thut ~he pile-up of states with temperature

roughly follows a Brillouin funciion,

The very Imge gap ([wicc the 11(X Weilk coupli,~~ vulue) mtiy he i ndicwtive of

swong cotipling effects in uccordimcc with the rcsulrs of Kresin [481, who hus shown that

the limiting value for extremely strong coupling is llkTC. Indeed wc have additional

evidence from the vuriation of N(EF) with Tc thtit strong coupling cffec~s muy be

indicated. In Fig. 3 wc wc that N(EI:) (uctuall! wc use the muximum VUIUCof tl:e spccmd

dufisi[y just below E~) drops very rupidly with Tc, N.resin in fuct has shown from the

gcneralimd Eli:lshhcrg cqu:itinns Ih:lf in Ihc g~r]crilli~c(.1 ~iisc for uny WIIUC of [hc roupling

consttint, A,

‘l”c=(),5<(l)~> l~(L’~n - I )“In

where the pr~fil~[or A=().5<(1)2>~~, is ~lillc(l [(j 14c I)chyc tcmpcrmurc nnd is nlhmrcd tt~

vury to olv’lin lhc llCCCSSilry ‘l’C, If wc tltiikc th~ ussumpti[m Il)ilt, us in the !)(’s



formulation, L= N(EF)V, where ‘1 is a constanl inier~c[ion streng[h, [hen A is proportional

io N(EF). in Fig. 11 we plot a series of curves for the function

Tc=A(&~’m - ] )-In,

where A and hmX for each curve are adjusted so that TC=92K at ~=~mm. In the limiting

case of large km we have Tc=92(l&m)l~ or, equivalently,

TC=921N(EF)/N(EF) ~a,llfl.

Here N(EF)maX is the vtilue of N(EF) for the Tc=92K material. We can see from

[he figure that, while the error bars are large, Tc varies approximately as [N(EF)] ‘~, or tie

strong coupling limit.

4. Conclusions

We be~;:ve that there is ample indication tha[ band structure calculations have

captured the essential features of the DOS in HTSC muterials. While somt

rcnommlizaticm of the bands due to electron-e lec:ron co~lation effec[s may still prove

necessary, the indications are that we tire detiling with a ccmven[ioniil Fermi liquid whose

Fermi surface is adequately described by LDA calculations, P. 13CS-like energy gap is

observed in the 2:2: I:2 ma[eriuls whose vtilue is tibout [wice the wcuk-coupling BCS

vtilue, buf the density of s[a[es just below A is a-rrwIly dcscn-ibed by the t3CS func[ion,

I“hc l~rgc giIp und [ht rtipid v:wi:ltion of N(E};) with TC would seem to supporl u ~wong

coupling model. Previous inconsistencies in phomernission dutu we primarily clue to [he

use of sintered rmtcriills und mcasurcm:nts UI room wmper;lturc which yield a surftice

compositi,m diffcrcn[ from [he bulk.
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Figure Captions

Fig. 1 Valence band specm.i for a crystal of YBa2Cu30b 9 in the a-b plane.
Sample was cleaved at 20K. Lowest curve, 20i, was taken immediate] y after the
cleave, the middle curve was taken within 10 min. of warming to 300K, while the
cop curve was again taken at 20K upon re-cooling. Note the irreversibility of the
various spectral changes (see Text).

Fig, 2 O-1s core level spectra showing the single line nature of the clean spectra;
a) Bi2Sr2CaCu20g at 20K after a fresh cleave; b) YBa2Cu306,9 at 20K after a
fresh cleave; c) YBa@@b.g after - l/2 hr at 300K. Note the buildup of a feature
at -53 leV as the surface deteriorates.

Fig. 3 Valence band spectra for YBazCuJOX at hv=50eV for values of x between
6.25 and 6.9, taken on crystals cleaved and measured at 20K. The -9cV satellite is
absen[ for all values of x, Note [he decrease in N(EF) as x dccrcases. Nmc also
that the valence band maximum is tit =-3.5eV for all x.

Fig. 4 Angle-integrated va;ence ba nd spectral for YBa2Cu@j,g for values of hv

ranging from 14 to 70eV. “ile apparent dispersion below hv -20eV is due to van
Hove singularities in the empty stutes (see Tex[). The amplitude modulation of the
Fermi edge with hn is due 10 the same phenomenon. Peaks A Ihrough F can be
identified wiih the DOS,

Fig. 5 Density of States tuken from Ref. 6. The peeks Iabelled A through F has a
one-to-one correspondence with paks A through F in Fig. 4 if the calculated
Fermi energy is shii,ed by 0.5eV to lower binding energy.

Fig. (I Comparison of calcuhmd and measured phomelectron spectra. Solid lines
are spectra taken frmn Fig. 4 but with the secondary backgrollnd subtracted,
Dashed lines are citlcululcd spectra from Ref. 41, Good correspondence is again
ob[tiined if we employ the 0,5c’/ shift,

Fig. 7 Spect.m taken on o slightly dc?criora[cd sumple of EuBu@jO~,9 in order to
see [he re.sonwwe of the -9eV u-mtaminaliorl peak. Left panel: 0-2s feature ut

-2eV. An incidcntul Eu-4f resonmce ti[ -5eV for u photo:l energy of hv=l 8eV is
iIlso observed, kighi panel: Cu.3p tibsorption edge, A lurge resonant
enhuncemenl is ohsctved in the - l(kV tind -12eV Cu-related stitellitcs, while almost
no enhuncemenl is seen in Ihc valcrwc btitlds,

I’ig, H Vulencc btind spectra for lli2Sr2C:lCu~OH w T=20K for vurim.is VUIUCSof

hv. The intensify of E~is newly consl:ln[ for ull spectru except for the firml stute
cnhimcemcnts M IlleV und 50eV.

properly mmll:llizcd S[)CClril (see ‘1.cxt) for viilucs of hv r;lnging form I HcV to
l(MkV, f)pc!l circles represent fIIUIl SIIIIC cntlilnCclllcrits und urc not rnodcled in the
fit. The pure Cu-hi iill(l 0- 2p cross- sccli(ms shown for con-,parison are tuken from
Rcf, 40, The ,llcasurcd cross-scc.li[m curl h [}h[llil]d from u Iineur combirm[ion of
.35% (~U..l(l illl(l (J5% ()-211.



Fig. 10 Angle-resolved valence band spectra within 300meV of EF for

Bi&CaCu@8 at hv=22eV. Thin lines are data taken at 90K (above TC=85K),

and thick lines are data taken at 20K. The indicated angles, 0, are with respect to

the c-axis and approximately along the r-lkl direction. Note the pile-up of BCS

states for the T=20K data for@ 13“; i.e., for occupied bands within A of EF.

Fig. 11 Plot of the intensity at EF from, Fig. 3 (data points) as a function of TC.
Note the approximate [N(EF)] 112variaticm. Solid lines arc plots of the equation

TC=A(e-2~~ -1) 1~ for the indicated values of ?.,n..z. ?’he prefactor A is tijusted

so that TC=92K ior each Amax.
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